As part of investigating diagnostic strategies for Mycobacterium avium subsp. paratuberculosis (Map), serial results from polymerase chain reaction (PCR) on extraintestinal tissues (blood, milk, and liver) were compared with those from more conventional detection methods including serum enzyme-linked immunosorbent assay (ELISA), fecal culture, and fecal PCR. Three cows previously identified as being subclinically infected with Map were selected for the study. Blood, milk, and feces were collected daily and liver biopsies were obtained weekly for a 30-day period. Unexpectedly, a substantial daily variation in serum ELISA sample to positive (S/P) ratios was observed in all 3 cows. In contrast, fecal culture results were consistently positive. However, whereas fecal culture colony counts were consistently high for 2 cows throughout the study, colony counts from the third cow varied from day to day. Diagnostic sensitivity of PCR for fecal, blood, milk, and liver samples in these advanced subclinically infected cows was 87%, 40%, 96%, and 93%, respectively.
By convention, cattle infected with Mycobacterium avium subsp. paratuberculosis (Map) are categorized into 1 of 4 stages of infection and disease. 14 Stage I is termed the silent phase of infection, which usually occurs in calves or young animals up to 2 years of age. These animals exhibit no recognizable clinical signs, and infection cannot be reliably detected by any currently available diagnostic test, even if applied repeatedly. Yet, these animals are hypothesized to shed organisms intermittently, albeit below current thresholds of detection. 15 Stage II includes carrier adult animals with advancing subclinical disease. These animals do not have diarrhea or other visible signs of disease, yet they may have decreased reproductive performance. 6 Because stage II animals intermittently shed low numbers of organisms in their manure, only 15-25% of these animals can be detected by fecal culture on a single test. 15 Sensitivity of tests measuring Map-specific serum antibodies in stage II animals is only 15%. 11 Stages III and IV include animals with clinical disease and advanced clinical disease, respectively. Animals in stages III and IV shed large numbers of organisms in their feces, colostrums, and milk and can be readily diagnosed with current diagnostic methods.
Of the currently available methods for detection of Map, polymerase chain reaction (PCR)-based assays have the highest potential analytic sensitivity. Equally important as a test's analytic sensitivity is the sample that is to be tested. Qualities high likelihood of containing Map or leukocytes infected with Map in early-stage animals, and is devoid of factors that inhibit PCR, such as those found in feces. Earlier studies in sheep used PCR to examine liver and blood for the presence of Map. 4, 5 Three readily obtainable extraintestinal tissues that have not been concurrently examined in dairy cattle include blood, milk, and liver tissue.
This study was designed to compare results of PCR on extraintestinal tissues with conventional detection methods, including serum enzyme-linked immunosorbent assay (ELISA), fecal culture, and fecal PCR. The purposes of this study were 1) to determine the daily temporal pattern of Map shedding and anti-Map antibody titers in animals confirmed as subclinically infected, and 2) to compare the subsequent repeatability of different testing strategies in these subclinically infected cattle. Three 4 to 6-year-old, mid-to late-lactation Holstein cows were obtained from a large commercial dairy that routinely performs Johne's ELISA testing on all late-lactation cows. The cattle were defined as subclinically infected based on positive ELISA serology, positive fecal PCR tests, and the lack of clinical signs of diarrhea and emaciation. No clinical signs were observed in any cow during the course of study, which was terminated by necropsy. After 3 days of acclimation to the new diet, samples were collected during a 30-day period.
Milk, blood, and feces were collected daily from each cow. For milk sampling, a 20-ml composite sample was aseptically collected. To maximize isolation of Map organisms from blood, a total of 35 ml of whole blood was aseptically collected from the jugular vein. Five milliliters were placed into a plain vacutainer tube to obtain serum for Johne's ELISA, and 30 ml were placed into three 10-ml tubes containing ethylenediaminetetraacetic acid. Five to ten grams of feces were collected directly from the rectum, taking care not to induce bleeding. Liver biopsies (100-200 mg tissue) were obtained on a weekly basis for a total of 5 samples per cow. The biopsies were aseptically collected from the right 11th intercostal space at the level of the lower paralumbar fossa using a commercial biopsy instrument. a All samples were obtained in the morning and immediately transported to the laboratory for processing, analysis, or storage. Feces were processed for culture on the morning of submission using a modification of standard techniques as detailed below. Milk, blood, and feces were processed for PCR within hours of collection as described below. Clotted blood collection tubes were stored at 4 C for less than 6 hours until serum was harvested. ELISAs were performed on serum samples that had been stored at Ϫ20 C. Liver samples for PCR were stored at Ϫ20 C until assayed.
A commercial ELISA test kit b was used. Test serum samples as well as duplicate positive and negative controls were run concurrently on the same plate as per kit instructions. A test run was considered valid if the difference between the positive control mean (PCx) and the negative control mean (NCx) was Ն0.150 OD and the NCx was Յ0.20 OD. The presence or absence of antibody to Map was determined by sample to positive (S/P) ratio for each sample. For diagnostic purposes, a S/P ratio Ͻ0.25 was classified as negative, and a S/P ratio Ն0.25 was classified as positive, as per instructions. To assess the interassay coefficient of variation, 2 separate assays were performed incorporating random placement of individual serum samples in different wells of the plate.
Fecal cultures were performed by the Washington Animal Disease Diagnostic Laboratory, Pullman, WA, using an established National Animal Disease Center protocol with the following modifications. 10 Briefly, feces were washed twice by centrifugation at 1,700 ϫ g for 20 minutes at 25 C and then incubated overnight in 1.8% cetylpyridinium chloride to reduce bacterial and fungal contaminates. The next day, samples were washed again and then incubated overnight with antibiotics (5 mg amphoteracin B, 10 mg vancomycin, and 10 mg naladixic acid dissolved in 50 ml brainheart infusion [BHI] broth and 50 ml distilled water) to further reduce contaminants. A 0.1-ml volume of decontaminated sample was inoculated onto each of 4 separate slant tubes of Herrold egg yolk medium (HEYM) containing mycobactin J and incubated at 37 C for up to 20 weeks. Smears of colonies from each set were stained with Ziehl-Nielson stain to verify the presence of acid-fast rods. Fecal culture results were recorded as the average colony count among 4 HEYM tubes and were categorized as negative (no growth), few (Ͻ10 colonies), moderate (11-50 colonies), many (51-100 colonies), and too numerous to count (TNTC, Ͼ100 colonies).
Milk was centrifuged at 1,700 ϫ g for 30 minutes at 25 C. The pelleted fraction was resuspended in 10 ml of BHI and 10 ml of 1.8% cetylpyridinium chloride and incubated overnight at 37 C in a shaking water bath. The next morning, the sample was centrifuged as before, resuspended in 1 ml of antibiotic solution (5 mg amphoteracin B, 10 mg vancomycin, and 10 mg naladixic acid dissolved in 50 ml of BHI and 50 ml of distilled water), and again incubated overnight at 37 C in a shaking water bath. The sample was centrifuged to obtain a pellet. Deoxyribonucleic acid was isolated using a previously published method, with some modifications. 1 Briefly, the pellet was washed and then incubated overnight in a solution of proteinase K and lysozyme. After centrifugation, the pellet was resuspended in a Chaotrope solution (4 M guanidine thiocyanate, 25 mM sodium citrate, 0.5% Sarkosyl) and vortexed, and then washed zirconium beads were added. The mixture was vortexed for an additional 10 minutes followed by phenol-chloroform extraction to optimize bacterial DNA purification. Deoxyribonucleic acid was precipitated using 2 volumes of cold 95% ethanol followed by centrifugation at 16,000 ϫ g for 15 minutes. Centrifugation was repeated, supernatants were decanted, and the pellets were dried and resuspended in 20 l 10 mM Tris at pH 9.0. The DNA was stored at Ϫ20 C.
Buffy coats were collected after centrifugation of blood at 1,700 ϫ g for 20 minutes at 25 C. Deoxyribonucleic acid was extracted using a commercial kit. c Briefly, 20 l of QIAGEN protease, 200 l of buffy coat sample, and 200 l of Buffer AL were consecutively added to a 1.5-ml microcentrifuge tube, pulsevortexed for 15 seconds, and then incubated at 56 C for 10 minutes. Next, 200 l of ethanol (96-100%) was added to the sample and again pulse-vortexed for 15 seconds. The mixture was added to a QIAamp spin column and centrifuged at 6,000 ϫ g for 1 minute. The spin column was placed in a 2-ml collection tube, and the filtrate was discarded. Five hundred microliters of Buffer AW1 was added and again centrifuged at 6,000 ϫ g for 1 minute. The process was repeated by adding 500 l of Buffer AW2 and centrifuging at high speed (20,000 ϫ g) for 3 minutes.
Deoxyribonucleic acid from liver samples was obtained using a commercial kit, d according to the manufacturer's instructions for tissues. Briefly, tissue was placed in a 1.5-ml microcentrifuge tube with 180 l of Buffer ATL. Twenty microliters of proteinase K was added and the sample vortexed and then incubated at 56 C in a shaking water bath until lysed. Two hundred microliters of Buffer AL was added to the sample, vortexed, and incubated at 70 C for 10 minutes. Next, 200 l of ethanol (96-100%) was added, and the sample was pulse-vortexed for 15 seconds. This resultant mixture was added to a QIAamp spin column and centrifuged at 6,000 ϫ g for 1 minute. The spin column was placed in a clean 2-ml collection tube, and the filtrate was discarded. Five hundred microliters of Buffer AW1 was added and the sample centrifuged at 6,000 ϫ g for 1 minute. The process was repeated by adding 500 l of Buffer AW2 and centrifuging at high speed (20,000 ϫ g) for 3 minutes. Finally, 200 l of Buffer AE was added to the spin column, incubated at 25 C, and then centrifuged at 6,000 ϫ g for 1 minute.
The fecal samples used for PCR were the same washed and decontaminated material used for fecal culture described above. Fecal DNA was isolated in the same manner described above for processing milk for PCR. 1 Nested PCR followed by agarose gel electrophoresis was performed on extracted DNA samples to detect mycobacterial DNA. The initial PCR was designed to amplify a 447-bp region within the 65-kD heat shock protein gene (hsp65) of mycobacteria using the following primer pair e : upstream primer 5Ј-GCCGCTGCT-GATCATCGC-3Ј (base pairs 853-870 of Map hsp65) and downstream primer 5Ј-CCTCGATGCGGTGCT-TGC-3Ј (base pairs 1,293-1,310 of Map hsp65). The nested PCR was designed to amplify a 200-bp region within the previously amplified region and used the following primer pair: upstream primer 5Ј-ACCCTG-GTCGTCAACAAG-3Ј (base pairs 899-917 of Map hsp65) and downstream primer 5Ј-TTGGTGACGAC-GACCTTG-3Ј (base pairs 1,081-1,098 of Map hsp65). Polymerase chain reactions were performed according to manufacturer's specifications using a high fidelity Taq polymerase. f Thermocycler g program was set as follows: denaturation at 95 C for 45 seconds, annealing at 60 C for 45 seconds, and elongation at 72 C for 90 seconds. This was repeated for 30 cycles. An initial hold of 95 C for 5 minutes, a final hold of 72 C for 5 minutes, and an indefinite final hold of 4 C were also included. The resulting products of the nested PCR were electrophoresed in a 1% agarose gel and viewed with a fluorescent stain. g For all reactions, a negative control using water instead of template DNA was used, and the product of the initial PCR reamplified in the nested procedure. In addition, a second water negative control was added to the nested PCR. Purified Map DNA was used as a template for positive controls and was reamplified in the nested PCR as well.
Restriction enzyme analysis was used to identify DNA samples obtained from tissues and fecal culture isolates. A single nucleotide difference between M. avium and Map sequences exists in a region of the hsp65 spanned by both initial and internal primers. 3 This variation results in a restriction fragment length polymorphism (RFLP) after digestion with the restriction endonuclease PstI. To detect RFLPs after PCR amplification, initial and nested PCR samples were digested with PstI. Deoxyribonucleic acid samples from established cultures of Map and M. avium were also analyzed to serve as isolate controls. Digestion products were electrophoresed on agarose gel and stained with a fluorescent stain. h A substantial daily variation in serum ELISA S/P ratios was observed in all 3 cows during the 30-day period in the 2 separate assays (Fig. 1) . Within sample day within cow, the interassay coefficient of variation was 4.77%. The average S/P ratio across the entire 30day period for all 3 cows suggested a strong positive response (cow No. 2432: mean S/P ϭ 2.257, SD ϭ .564; cow No. 8107: mean S/P ϭ 1.19, SD ϭ 0.561; cow No. 8267: mean S/P ϭ 2.452, SD ϭ 0.537). Two of the 3 cattle possessed positive S/P ratios (Ͼ0.25) for the entire 30 days of the sampling period. The ratio for 1 cow (No. 8107) remained above the positive threshold, except for a single day when it dropped below 0.25, identifying the cow as a suspect rather than an infected animal (first run only).
Fecal culture results had near perfect sensitivity (day 5, all tubes from all cows failed to grow organisms, suggesting laboratory error). Fecal culture results from 2 cows consistently exceeded 100 colonies (TNTC) per test tube. Interestingly, fecal culture results for 1 cow (No. 8267) varied considerably from day to day, although they exceeded TNTC on one occasion and were never negative (Fig. 2) .
Fecal PCR results were periodically negative despite the cows being fecal culture positive on the same day. Given that these animals were confirmed as infected, the diagnostic sensitivity of fecal PCR for this study was determined to be 87%. PCR results from blood, milk, and liver samples were also periodically negative. The overall diagnostic sensitivities of blood, milk, and liver PCR assays were 40%, 96%, and 93%, respectively.
This report describes the daily variation in fecal shedding as determined by conventional fecal culture techniques. Although counting colonies on agar slants allows only a semiquantitative assessment of fecal shedding, the data do represent the variation that can be experienced when the reported test outcome involves colony counts. These results support the need for caution when interpreting negative results from a single fecal culture, be it for screening individual animals or categorizing an animal's stage of disease. These results also suggest that single fecal cultures of individual or pooled samples are most appropriately used to assess overall herd prevalence rather than to identify individual infected animals.
Daily variation in serum ELISA results, confirmed by a second blinded laboratory run (Fig. 3) , suggests that the measurable humoral immune response to Map can vary widely from day to day, at least in this stage of infection. To date, reports of such day-to-day vari-ation in serum antibody levels in animals infected with Map are limited to proceedings (Socket DC: 2000, Proceedings of the 104th Annual Management of the USAHA, pp. 394-396).
Although the mechanism causing this daily variation is unclear, consistency among repeated assays of the same samples suggests that the phenomenon is biological rather than laboratory variation. It is suspected that the daily variation in ELISA results is due to fluctuation in antibody production, variable losses by way of the gastrointestinal tract, or a combination of these 2 mechanisms. These findings emphasize that there is much to learn about the bovine immune response to this infection. They also support moving away from the interpretation of S/P ratios with fixed cutoffs toward their interpretation as ''likelihood ratios.'' 2 In addition, further studies are needed to investigate the potential variation in S/P ratios in animals with values at and just below the positive threshold, as well as in animals in the earlier stages of the infection. On the basis of anecdotal field reports, private practitioners and producers are also concerned about the validity of the ELISA serology results. Frequent complaints involve animals that test positive on one occasion (S/P ratio above the test threshold) but subsequently test negative (S/P ratio below the test threshold) on a later date. Finally, results of this study suggest that single-ELISA results are also inappropriate for use in determining the stage of disease in a particular animal.
These findings support earlier studies suggesting that fecal cultures have the highest sensitivity in latestage II or early-stage III animals when compared with other testing strategies. However, in light of the apparent higher sensitivity of the culture technique over PCR, it is important to acknowledge that fecal culture can require up to 20 weeks of incubation before the results are known, whereas PCR results are typically known within days. With regard to management decision time frames, it can be argued that the increased sensitivity of fecal culture is of questionable benefit in light of the duration of the culture period. In addition, conventional fecal culture results quantified by colony counts appear to vary widely from day to day in certain animals. The significance of this finding lies in the potential for obtaining false-negative cultures from certain animals on certain days. These findings suggest that pooling samples for several days from an individual animal would increase the sensitivity of fecal culture by mitigating the effects of short-term variation and may be a practical means of compensating for this phenomenon. Such pooling across individuals has been suggested as a means of economically increasing the sensitivity of herd screening by allowing the inclusion of more animals. 7, 16 Others have proposed that such variability in culture results is not the result of shedding variability on the part of the cow but rather is the result of the low sensitivity of conventional culture methods and that repeated culture of the same sample would achieve the same sensitivity increase. 8 Finally, in preclinical animals, Map is found in various body tissues including parenchymous organs, 9 feti, 12 and milk, 13 which suggests that intermittent, if not frequent, bacteremia episodes occur. Comparing PCR results from milk, blood, and feces, milk PCR results have the highest apparent sensitivity and more closely coincide with positive fecal cultures. This substantiates the observations that milk is an acceptable sample for PCR analysis for later-stage diseased animals and that contaminated milk may be an important route of transmission to susceptible neonates. Such findings also highlight current public health concerns regarding the presence of Map in dairy products. Positive PCR results from liver biopsies suggest that Map is present in liver parenchyma, most likely in Kupffer cells. Liver biopsies may provide a suitable tissue for PCR-based diagnostic techniques for animals in late-stage II or late-stage III disease. Certainly, the procedure for obtaining a liver biopsy is advantageous when compared with the time, labor, and supplies needed to obtain intestinal or mesenteric lymph node biopsies for antemortem diagnosis. Finally, aseptically obtained liver biopsies for PCR analysis are less likely to be contaminated than are milk or fecal samples. Milk and liver tissue are also inherently a less complex and variable sample matrix for PCR than are feces. Interestingly, the only negative liver PCR result was with 1 cow whose S/P ratio dropped below the positive threshold of 0.25. The drop in S/P ratio below the positive threshold occurred within 48 hours of the negative liver PCR test. This also raises several interesting questions regarding immune mech-anisms and host defenses of animals infected with Map. Results from this limited number of animals must be verified in a larger sample population before more definitive conclusions can be made.
